Murine retroviruses have been divided into six interference groups that use different receptors for cell entry: the ecotropic, xenotropic, polytropic, amphotropic, 10A1, and Mus dunni endogenous virus groups. Some interference is observed between xenotropic and polytropic viruses and between amphotropic and 10A1 viruses, indicating some overlap in receptor specificity between these groups, but otherwise these interference groups appear completely independent. In contrast, one study found interference among many of these groups when Mus dunni wild mouse cells were examined with an immunofluorescence assay to detect infection by the challenge virus. Here we have used a more direct assay for cell entry by using pseudotyped retroviral vectors to measure interference in M. dunni cells, and we find no evidence for extensive interference between members of different murine retrovirus groups. Indeed, our results in M. dunni cells are consistent with interference results observed in other cell types and indicate that the anomalous interference results previously observed in M. dunni cells with the immunofluorescence assay were most likely due to factors other than those that affect receptor-mediated virus entry. In summary, our results show that murine retroviruses use at least six different receptors for entry into M. dunni cells.
Retroviruses can be divided into interference groups based on their ability to inhibit infection by other retroviruses. Interference is due to synthesis of retroviral envelope protein in infected cells, which binds to specific receptor proteins and blocks infection by retroviruses that use the same receptors for cell entry. The murine retroviruses fall into six interference groups: the ecotropic, xenotropic, polytropic, amphotropic, 10A1, and Mus dunni endogenous virus (MDEV) groups (4, 11, 20, 21) . The 10A1 and amphotropic groups are not completely independent, but display a pattern of nonreciprocal interference; 10A1 virus blocks entry by amphotropic virus, but amphotropic virus does not block entry of 10A1 virus (21) . The basis for this phenomenon is that amphotropic viruses use a single receptor for cell entry, designated Pit2 (Ram1), while 10A1 can use both Pit2 and the related receptor Pit1 (Glvr1) (17) . The xenotropic and polytropic viruses also display nonreciprocal interference and thus have overlapping receptor specificity (4) . The receptors for these viruses are apparently encoded by different alleles of the same locus on mouse chromosome 1 (9) , but the receptors have not yet been molecularly cloned.
While interference analysis in mink, human, and laboratory mouse cells yields a similar interference grouping for the mouse retroviruses, results reported for Mus dunni wild mouse cells are quite different and show interference between viruses that do not interfere when tested in other cells (3) . For example, entry of an ecotropic retrovirus was reduced by 100-fold by prior infection of M. dunni cells with an amphotropic retrovirus, in contrast to results in other cell types in which these viruses show no interference. It is therefore possible that these viruses use similar receptors in M. dunni cells, even though the receptors for ecotropic and amphotropic retroviruses have been cloned from laboratory mice and are unrelated. Alternatively, the recent discovery of coreceptors required for human immunodeficiency virus entry into cells (1, 7) suggests the possibility that these viruses share a coreceptor required for entry into M. dunni cells, and the effect is not observed in other cells because of the presence of different coreceptors or an excess of the required coreceptor. Thus, the unique interference properties of murine retroviruses in M. dunni cells might provide important insights into factors affecting retrovirus entry into cells.
We have therefore reinvestigated interference of murine retroviruses in M. dunni cells. An indirect focal immunofluorescence assay was used in the previous report (3) to detect infection of the challenge retroviruses. This assay is dependent on spread of the challenge virus to generate a focal area of cells reactive with antibody against the challenge virus and therefore is dependent on multiple events in addition to receptormediated virus entry. To circumvent this complication, we used pseudotypes of a retroviral vector encoding human placental alkaline phosphatase to study interference in M. dunni cells. With this more direct assay, we find that interference patterns in M. dunni cells are similar to those reported for other cells, indicating that murine retroviruses use at least six different receptors for entry into M. dunni cells.
MATERIALS AND METHODS
Nomenclature. Cells that contain a retrovirus vector are indicated by the cell name followed by a slash and the name of the vector, e.g., dunni/LN. A retroviral vector in its viral form is indicated by the vector name followed (in parentheses) by the name of the helper virus or packaging cells used to pseudotype the vector, e.g., LAPSN(10A1) or LAPSN(PA317). In this report, the pseudotype of a retroviral vector refers only to the viral envelope protein present on the vector virions that determines the cell surface receptor utilization pattern of the vector, irrespective of the origin of the Gag and Pol proteins. For example, vectors produced by PA317 cells will be referred to as having an amphotropic pseudotype because of the presence of amphotropic Env protein in the virions, even though the Gag and part of the Pol proteins in these virions are derived from Moloney murine leukemia virus (MoMLV) (12) .
Retroviruses. The following replication-competent retroviruses were obtained from Bruce Chesebro (3): 1387, MoMLV strain 1387; AKR623, AKR MLV strain 623; 1E, Friend mink cell focus-forming (MCF) strain 1E; and 4070A and 1504A, amphotropic MLV strains 4070A and 1504A (3). The MLV-K strain of MoMLV was obtained from NIH 3T3 cells transfected with the pMLV-K clone of MoMLV (14) . NZB xenotropic virus was obtained from M. dunni cells transfected with the circularly permuted NZB molecular clone NZB 9-1 (18) after cutting of the plasmid with EcoRI and religation of the DNA to generate intact NZB provirus circles. 10A1 virus was obtained from NIH 3T3 cells transfected with the permuted 10A1 virus DNA clone pB6 (19) after cutting of the plasmid with SalI and religation of the DNA to generate intact 10A1 provirus circles. The LN retroviral vector encodes neomycin phosphotransferase (13) , and the LAPSN vector encodes neomycin phosphotransferase and human placental alkaline phosphatase (15) .
Cell culture. M. dunni tail fibroblasts (dunni cells) (10) were grown in Dulbecco's modified Eagle's medium with 4.5 g of glucose per liter and 5% fetal bovine serum at 37°C in a 10% CO 2 -air atmosphere. PE501 ecotropic (13), PM571 polytropic (16) , and PA317 amphotropic (12) retrovirus packaging cell lines were grown under similar conditions, except that 10% fetal bovine serum was used. dunni/LN and dunni/LAPSN cells were made by transduction with helper-free vector stocks produced by PA317 retrovirus packaging cells containing the vectors. The transduced cells were selected in G418 to ensure that all cells expressed the vectors. dunni/LN and dunni/LAPSN cells were infected with replication-competent viruses by seeding the cells the day before infection at 10 5 per 6-cm dish, infecting the cells with 100 l of virus stock in the presence of 4 g of Polybrene (Sigma) per ml, and passaging the cells for Ն11 days in the absence of Polybrene to allow complete virus spread. Virus was harvested from confluent layers of cells 16 h after a medium change and frozen at Ϫ70°C. Helper-free retroviral vectors were generated from retrovirus packaging cells as previously described (13) . The envelope protein in PE501 cells is from MoMLV molecular clone pMLV-K, that in PM571 is from Friend MCF strain 98D, and that in PA317 cells is from amphotropic MLV strain 4070A.
Interference assays. Interference assays were performed as follows. On day 1, infected and uninfected dunni/LN cells were seeded at 5 ϫ 10 4 per 3-cmdiameter well of six-well culture trays. On day 2, the medium was replaced with 2 ml of medium containing 4 g of Polybrene per ml, and the pseudotyped LAPSN vectors were added. On day 4, the cells were stained for alkaline phosphatase-positive foci as described previously (8) . Results are expressed as the log 10 of the fold interference, or log 10 [(LAPSN vector titer on uninfected dunni/LN cells)/(LAPSN vector titer on dunni/LN cells infected with the interfering virus)]. Table 1 depicts key results from previous experiments (3) in which viruses assigned to different interference groups exhibit interference in M. dunni cells. Results are displayed as the log 10 of the fold interference, and values of 2 or greater were considered by the authors (3) to indicate interference. Ecotropic virus 1387, but not ecotropic virus AKR623, interfered with polytropic viruses 98D and 1512, and both ecotropic viruses interfered with infection by xenotropic virus AKR6. Amphotropic virus 4070A, but not amphotropic virus 1504A, interfered with xenotropic virus AKR6 and ecotropic virus 1387. Polytropic virus 1E interfered with ecotropic virus 1387 and with xenotropic virus AKR6. Challenge by amphotropic viruses was not analyzed in this report because of the lack of amphotropic virus-specific antibodies, which were required for virus detection in the immunofluorescence assay used.
RESULTS AND DISCUSSION
We obtained the M. dunni tail fibroblasts used in the previous report (3) and transduced the cells with the LN retroviral vector (13) , which expresses neomycin phosphotransferase, or with the LAPSN vector (15) , which expresses neomycin phosphotransferase and human placental alkaline phosphatase, by using helper virus-free vector stocks made from PA317 retrovirus packaging cells (12) containing the vectors. As expected, the dunni/LN and dunni/LAPSN cells did not produce the vectors in the absence of added replication-competent virus (data not shown). We also obtained the original retroviruses used in the previous study (3) and used them to infect the dunni/LN and dunni/LAPSN cells. The presence of replication-competent retrovirus was confirmed in all cases by measurement of the production of the LN or LAPSN vectors. The results of our interference analysis ( a The LAPSN vector with the indicated pseudotypes was used to infect dunni/LN cells or dunni/LN cells infected with the indicated interfering MLVs, and the apparent vector titers (FFU per milliliter) were determined. The vector titer is expressed as the log 10 of the mean titer determined on dunni/LN cells and is an arithmetic mean of at least two experiments. Interference values are expressed as the log 10 of the fold interference, or log 10 [(LAPSN titer on uninfected dunni/LN cells)/(LAPSN titer on dunni/LN cells infected with the interfering virus)]. The fold interference was calculated as the arithmetic mean of at least two independent determinations, which varied by no more than 58% from the mean. Boxed areas indicate interference between viruses in the same interference group.
b ND, not determined.
the same group ranged from 20-to 300,000-fold, while interference between viruses from different groups was Յ10-fold.
Disregarding the results obtained when the interfering virus was 1387 (discussed below) and the results showing partial interference between polytropic and xenotropic viruses, which were expected based on previous work in cells other than M. dunni cells (4), the difference between intragroup interference (160-to 300,000-fold) and intergroup interference (Յ2-fold) is even more dramatic.
Interference analyses with additional pseudotypes of the LAPSN vector confirmed the interference group assignments of the replication-competent viruses used in the previous study (Table 2) . LAPSN virus produced by PE501 ecotropic packaging cells (13) behaved like the ecotropic LAPSN(1387) virus. PE501 cells were constructed by using the pMLV-K clone of MoMLV (14) , and 1387 virus represents a different isolate of MoMLV. LAPSN produced by PM571 Friend MCF strain 98D-based packaging cells (16) behaved like the other polytropic pseudotype LAPSN vectors, although the interference observed for LAPSN(PM571) in M. dunni cells infected with 1E virus was not as great as that observed for the other polytropic viruses. LAPSN pseudotyped with the xenotropic NZB virus (18) behaved like the xenotropic AKR6 pseudotype. LAPSN(PA317) behaved like the other amphotropic pseudotypes of the vector, but the best correlation was with LAPSN (4070A), which was expected since PA317 cells were constructed by using env from a molecular clone of 4070A.
The results obtained when the interfering virus was 1387 were somewhat anomalous. We noticed that the 1387 virusinfected dunni/LN cells grew slowly, displayed many multinucleated cells, and exhibited high rates of cell death, a phenomenon that persisted even with prolonged cultivation. Thus, the reason that infection rates observed for non-ecotropic LAPSN pseudotypes in 1387 virus-infected dunni/LN cells were low compared to those obtained in uninfected dunni/LN cells is most likely due to cell death and slow growth of the 1387 virus-infected dunni/LN cells rather than interference by the 1387 virus. In addition, the continued presence of multinucleated cells in the dunni/LN cells infected with 1387 virus indicates that the receptor used by 1387 virus is not effectively blocked by the virus, resulting in continued virus-mediated cell fusion, and provides an explanation for the poor interference of the 1387 virus with ecotropic pseudotype LAPSN viruses.
To test whether the behavior of M. dunni cells infected with 1387 virus was a peculiar property of this strain of MoMLV or perhaps was due to a contaminating virus present in the virus preparation, we infected M. dunni cells in parallel with 1387 virus harvested from 1387 virus-infected dunni/LAPSN cells or with virus harvested from NIH 3T3 cells transfected with a DNA clone of MoMLV, pMLV-K (14), and observed the cells during several passages in culture. The presence of large multinucleated cells that increased in number with time was observed in M. dunni cells infected with either virus preparation, although it was most pronounced in cells infected with 1387 virus (data not shown). These results indicate that the toxicity and cell fusion observed in 1387 virus-infected M. dunni cells is not due to a contaminant in the 1387 virus stock but is typical of MoMLV infection in M. dunni cells.
Several investigators have found that M. dunni tail fibroblasts are poorly infected by MoMLV and by vectors with an MoMLV pseudotype, even though these cells can be efficiently infected by other ecotropic viruses (5, 6, 10) . In contrast, we found that M. dunni cells were relatively efficiently infected by the LAPSN vector with a 1387 (MoMLV) pseudotype, the apparent titer on M. dunni cells being 10 6 focus-forming units (FFU)/ml ( Table 2 ). There are two types of M. dunni tail fibroblasts in common use, and the use of different cells by different laboratories might explain these results. The type used here and by Chesebro and Wehrly (3) can be recognized by the unusual characteristic that confluent layers of the cells secrete molecules that render the culture medium highly viscous, a property that is not shared with the M. dunni cells used in other studies (5, 6) , and we will refer to the strains as dunni-v and dunni-nv (to denote viscous and nonviscous medium, respectively).
We obtained some dunni-nv cells (a gift from Carolyn Wilson, originally from Janet Hartley [5] ) for direct comparison a Cells were seeded at 10 5 per 3-cm-diameter well of six-well culture trays 1 day prior to infection and stained for alkaline phosphatase-positive foci, as described previously (8), 2 days after infection. Each value is the mean of duplicate assays, which varied by no more than 27% from the mean.
with the dunni-v cells used here ( We have previously determined that dunni-v cells are most likely derived from M. dunni animals and are not cells from another species due to culture contamination or mistaken identification. This conclusion depends on Southern analyses of restriction enzyme-digested DNA samples from these M. dunni cells and from M. dunni mice, which show identical patterns of bands that hybridize to a probe made from the relatively unique endogenous virus MDEV, while DNA samples from cell lines derived from laboratory mice show a different pattern of weakly hybridizing bands, and DNA samples from cells of other species show no hybridization (2). Southern analyses also show similar patterns of bands that hybridized to an MDEV probe for DNA from dunni-nv and dunni-v cells (Fig. 1) , indicating both cell types are of similar origin and thus that both lines were likely from M. dunni mice. The different phenotypes of the two M. dunni cell strains are probably due to the fact that the original isolate (10) that was distributed to many groups was not cloned before distribution (2a) , and it appears that different culture conditions allowed the outgrowth of different subpopulations of M. dunni cells.
Finally, we have examined interference between representatives of all of the MLV interference groups in M. dunni (dunni-v) cells (Table 4) . Ecotropic and MDEV viruses show no interference with any of the other groups. 10A1 and amphotropic viruses show nonreciprocal interference, but no interference with any of the other groups. Similarly, polytropic and xenotropic groups show nonreciprocal interference, but no interference with any other groups. The reason for the more complicated interference patterns previously observed among these groups in M. dunni cells (3) is likely due to the assay employed, which required spread of the challenge virus after infection to produce a signal, and virus spread might have been inhibited by the interfering virus. Alternatively, detection of the challenge virus with antibodies may have been difficult because of background staining of the interfering virus that was present in all cells. The assay used here more directly measures virus entry and does not require virus spread. Our results provide no evidence for altered receptor utilization or altered coreceptor usage in M. dunni cells, and we conclude that murine retroviruses can be divided into six interference groups that use at least six different receptors for entry into M. dunni cells. 
